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(54) Semiconductor device comprising a group III / nitride material and method of fabricating the 


same 





(57) The semiconductor device of this invention in- 
cludes an active region fonned from a group III nitride 
semiconductor grown on a substrate and an insulating 
oxide film formed in a peripheral portion of the active 
region by oxidizing the group III nitride semiconductor. 
On the active region, a gate electrode In Schottky con- 



tact with the active region extending onto the insulating 
oxide film and having an extended portion on the insu- 
lating oxide film isfomned, and ohmic electrodes respec- 
tively serving as a source electrode and a drain elec- 
trode are fomned with space from side edges along the 
gate length direction of the gate electrode. 
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D scrlptlon 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention reiates to a semiconductor device including a group III nitride semiconductor repre- 
sented by a general formula, In^AlyGai.x.yN (wherein 0^x^1,0gy^1 and 0 ^ x + y ^ 1), and more particularly, 
it relates to a semiconductor device including an oxide film fomied by oxidizing a group III nitride semiconductor and 
a method of fabricating the same. 

[0002] A group ill nitride semiconductor having a composition of InyAlyGa^.x.yN, that is, the so-called gallium nitride- 
10 based (GaN-based) compound semiconductor, is regarded as a promising material for a light emitting device such as 
an LED and a semiconductor laser diode because the interisand transition of electrons is direct transition therein and 
its band gap is varied in a wide range between 1 .95 eV and 6 eV. 

[0003] Recently, particulariy in order to realize higher density and higher integration of infomnation processing equip- 
ment, semiconductor laser diodes capable of outputting light of a wavelength In a blue-violet region are earnestly 

15 developed. Also, since GaN has high breakdown field, high themnal conductivity and a high electron saturation velocity, 
it is a promising material also for a high frequency power device. In particular, a heterojunction structure including 
aluminum gallium nitride (AIGaN) and gallium nitride (GaN) has an electron velocity twice as large as that of gallium 
arsenide (GaAs) at high electric field as high as 1 x 10* V/cm to realize down sizing, and hence is expected a high 
frequency operation of a device. 

20 [0004] Since a group III nitride semiconductor exhibits an n-type characteristic when doped with an n-type dopant 
including a group IV element such as silicon (Si) and gemnanium (Ge), application to a field effect transistor (FET) Is 
now under development. Also, since a group III nitride semiconductor exhibits a p-type characteristic when doped with 
a p-type dopant including a group III element such as magnesium (Mg), barium (Ba) and calcium (Ca), application to 
an LED and a semiconductor laser diode including a pn-junction structure of a p-type semiconductor and an n-type 

25 semiconductor is now underdevelopment. As an applicable electronic device, a high electron mobility transistor (HEMT) 
including a heterojunction of, for example, AIGaN and GaN is widely being examined to be realized by using a group 
III nitride semiconductor having a high electron transporting property. 

[0005] Now, a conventional AIGaN/GaN-based HEMT will be described with reference to drawings. 
[0006] FIGS. 23A and 23B show the conventional AIGaN/GaN-based HEMT, wherein FIG. 23A shows the plane 
30 structure thereof and FIG. 23 B shows the cross-sectional structure thereof taken on line XXIIIB-XXllIB of FIG. 23 A. 
As is shown in FIGS. 23A and 238, a first HEMT 100A and a second HEMT 100B are fomrted on a substrate 101 of 
silicon carbide (SiC) so as to be separated by a scribe region 110, used for dividing the substrate 101 into chips each 
including a transistor. 

[0007] Each of the first HEMT 100 A and the second HEMT 100B includes, on a buffer layer 102 of GaN grown on 
35 the substrate 1 01 , an active region 103 fomied by mesa-etching a heterojunction layer of AIGaN/GaN. 

[0008] On each active region 103, a gate electrode 104 in Schottky contact with the active region 103 and ohmic 
electrodes 1 05, In ohmic contact with the active region 103, disposed with space from side edges along the gate length 
direction of the gate electrode 104 are formed. 

[0009] A portion above and around each active region 1 03 including the gate electrode 1 04 and the ohmic electrodes 
40 105 is entirely covered with an insulating film 106, and pad electrodes 107 respectively electrically connected to the 
gate electrode 104 and the ohmic electrodes 105 are formed on each insulating film 106. The insulating film 106 is 
covered with a surface passivation film 108 with the pad electrodes 107 exposed. 

[0010] The insulating film 1 06 covering the active region 1 03 is generally fomned from silicon oxide or the like, so as 
to protect the surface of the active region 103 and ease formation of the gate electrode 104 by a lift off method. 
45 [0011] As is shown In FIG. 23A, since it is necessary to provide the gate electrode 104 with an extended portion 
104a to be connected to the pad electrode 107, the gate electrode 104 is formed not only on the active region 103 but 
also on the buffer layer 102 of GaN exposed by the mesa-etching. 

[0012] In the conventional AIGaN/GaN-based HEMT, however, contact between the extended portion 1 04a and the 
buffer layer 102 is contact between a metal and a semiconductor, namely, the so-called Schottky contact, and hence, 
50 there is a problem that a leakage current tends to occur due to damage of the sem Conductor surface caused In the 
mesa-etching. This leakage current largely affects a pinch-off characteristk^ of the transistor, resulting in degrading the 
transistor characteristk;. 

[0013] Furthemnore, since adhesion between the buffer layer 102 of GaN and the insulating film 106 of silicon oxide 
is insufficient, there is another problem that the insulating film 106 peels off in wire-bonding the pad electrodes 107 
55 formed on the insulating film 106. 

[001 4] Moreover, both th substrat 1 01 of SiC and the GaN-bas d semiconductor have high hardness, and hence, 
it is very diffteult to conduct a scribe process for dividing the substrate Into chips as compared with the case where Si 
and GaAs are used. Therefore, the yield may be lowered due to occurence of a crack reaching the active region 103 
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in the scribe process or the reliability may be iowered due to peeiing of the surface passivation fiim 108 or the insulating 
film 106 in the vicinity of the scribe region 110. 

[0015] In a semiconductor laser diode having a laser structure formed by multi layers of group III nitride semicon- 
ductors, a substrate of sapphire is generally used. In the case where sapphire is used as the substrate, it is difficult to 
5 fomri a cavity structure by cleavage becaus ofadifferenc inth crystal axis between sapphire and the laser structure 
fomried on the sapphire, and hence, the cavity structure is frequently formed by dry etching. When the cavity is formed 
by dry etching, however, a defect peculiar to the formed cavity facet is caused so as to form a non-luminescent center 
As a result, there arises a problem that the operation cun^ent (threshold current) may increase or the reliability may be 
lowered. 

10 

SUMMARY OF THE INVENTION 

[0016] The present invention was devised for overcoming the aforementioned conventional problems, and an object 
of the invention is forming an insulating film having high adhesion to a group III nitride semiconductor, a good electric 

15 characteristic or a good optical characteristic. 

[0017] In order to achieve the object, a semiconductor device including a group III nitride semiconductor of this 
invention has an oxide film formed by directly oxidizing the group III nitride semiconductor Itself. 
[001 8] Specifically, the first semiconductor device of this invention comprises an active region formed on a substrate 
from a group III nitride semiconductor; and an insulating oxide film fornied in a peripheral portion of the active region 

20 on the substrate by oxidizing the group III nitride semiconductor. 

[0019] The bonding strength between a group III nitride semiconductor and an oxide film fomried from an oxide of 
the group III nitride semiconductor is approximately three times as large as the bonding strength between, for example, 
a group III nitride semiconductor and a silicon oxide film. Accordingly, the adhesion between the insulating oxide film 
and the substrate or between the insulating oxide film and the active region is high in the first semiconductor device, 

25 so as to prevent the insulating oxide film and the like from peeling off. As a result, the yield and the reliability of the 
semiconductor device can be Improved. 

[0020] In the first semiconductor device, a gate electrode, and a source electrode and a drain electrode sandwiching 
the gate electrode are preferably formed on the active region. In this manner, a field effect transistor of the group III 
nitride semiconductor can be obtained. 

30 [0021 ] In this case, the gate electrode preferably extends from the active region onto the insulating oxide film. In this 
manner, even when a portion of the gate electrode positioned on the insulating oxide film is used as an extended 
portion of the gate electrode, the extended portion is not in Schottky contact with the insulating oxide film fomrted by 
oxidizing the group III nitride semiconductor. Therefore, a leakage current can be prevented from flowing in the extended 
portion, resulting in improving the reliability of the device. 

35 [0022] The second semiconductor devices of this invention plural in the number comprise a group III nitride semi- 
conductor formed in a plurality of device formation regions each surrounded with a scribe region on a substrate in a 
wafer state; and a protection oxide film formed in a peripheral portion of the scribe region on the substrate by oxidizing 
the group III nitride semiconductor. 

[0023] In the second semiconductor devices, in dividing the plural semiconductor devk:es formed on one wafer Into 
^ chips, an insulating film covering the device formation region can be prevented from peeling off and cracks can be 

prevented from occurring in the device formation region, resulting in improving the yield and the reliability of the devices. 

[0024] The third semiconductor device of this invention comprises a pad electrode formed on a substrate; and an 

insulating oxide film formed between the substrate and the pad electrode by oxidizing a group III nitride semteonductor. 

[0025] Since the bonding strength between a group III nitride semiconductor and an insulating oxide film formed from 
^ the group III nitride semiconductor is larger than the bonding strength between a group III nitride semiconductor and 

a silicon oxide film or the like. Therefore, the pad electrode can be prevented from peeling off from the sut)strate in the 

third semiconductor device, resulting in improving the yield and the reliability of the device. 

[0026] The fourth semiconductor device of this invention comprises a laser structure formed on a substrate and 
having a cavity including a plurality of group III nitride semiconductors; and a protection oxide filmfomried on side faces 

^ of the laser structure including facets of the cavity by oxidizing the group III nitride semiconductors. 

[0027] In the fourth semiconductor device, a mirror face of a cavity min^or is not an etched facet but is formed from 
an interface between the etched facet and the protection oxide film, and hence, the mirror face is never affected by a 
defect caused in etching. In addition, the group III nitride semk^onductor is directly oxidized, and hence, a leakage 
current derived from a defective facet coating can be avoided, resulting in attaining high reliability. 

55 [0028] The first method of fabricating a semiconductor device of this invention comprises a semiconductor layer 
fonning step of fonning a group III nitride semiconductor layer on a substrate; a protection film forming step of fonning, 
on the group III nitride semrconductor layer, a protection film for covering an activ region of the group III nitride sem- 
iconductor layer; an oxide film forming step of fonning, in a region on the substrate excluding the active region, an 
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insulating oxide film by oxidizing the group III nitride semiconductor layer with the protection film used as a mask; and 
an active region exposing step of exposing the active region by removing the protection film. 
[0029] In th first method of fabricating a semiconductor device, the insulating oxid film Is fonmed in th region on 
the substrate excluding the active region by oxidizing the group III nitride semiconductor layer with the protection film 

s used as a mask. Therefore, the first semiconductor device of this invention can be definitely fabricated. 

[0030] The first method of fabricating a semiconductor device of this invention preferably further comprises, after the 
active region exposing step, an ohmic electrode fomning step of fomiing an ohmfe electrode on the active region; and 
a gate electrode fomning step of fomning, on the active region, a gate electrode extending onto the insulating oxide film. 
[0031 ] The first method of fabricating a semiconductor device of this Invention preferably further comprises, between 

10 the sembonductor layer fomning step and the protection film fomning step, an ammonia treatment step of exposing the 
group III nitride semiconductor laser to ammonia. In this manner, an oxide or the like remaining on the surface of a 
device fomnatlon region to be used as the active region is removed and cleaned by ammonia, and hence, the contact 
resistance ratio of the active region can be lowered. As a result, the electric characteristic of the device can be Improved. 
[0032] 1 n this case, the ammonia treatment step preferably includes a sub-step of changing the ammonia into plasma. 

15 [0033] The second method of fabricating a semk^onductor device of this invention comprises a semiconductor layer 
fomning step of fomning a group III nitride semkx}nductor layer on a substrate in a wafer state; a region setting step of 
setting, in the group III nitride semiconductor layer, a plurality of device fomnatlon regions where devices are to be 
fomned on the group III nitride semiconductor layer and a scribe region for used in dividing the substrate into chips 
respectively including the device formation regions; a protection film fomning step of fomning, on the scribe region, a 

20 protection film for covering the scribe region; and an oxide film fomning step of fomning, in a region on sides of the 
scribe region on the substrate, a protection oxide film by oxidizing the group ill nitride semkx)nductor layer with the 
protection film used as a mask. 

[0034] In the second method of fabricating a semiconductor device, since the protection oxide film is formed on sides 
of the scribe region on the substrate, the second semiconductor device of this invention in which the insulating film 
25 covering the device formation region can be prevented from peeling off and cracks can be prevented from occurring 
in the device formation region can be definitely fabricated. 

[0035] In the first or second method of fabricating a semiconductor device, the protection film is preferably fomned 
from silicon, silicon oxide or silbon nitride. 

[0036] The third method of fabricating a semiconductor device of this Invention comprises a semiconductor layer 
30 forming step of fomning a group III nitride semiconductor layer on a substrate; a region setting step of setting, in the 
group III nitride semiconductor layer, a device fomnatlon region where a device Is to be formed on the group III nitride 
semk:onductor layer and a pad electrode formation region for external connection of the devk:e to be formed in the 
device fomnation region; a protection film forming step of forming a protection film covering a region on the group III 
nitride semiconductor layer excluding the pad electrode fomnation region; an oxide film fomning step of forming an 
35 insulating oxide film in the pad electrode fomnation region on the substrate by oxidizing the group III nitride semteon- 
ductor layer with the protection film used as a mask; and a step of fomning a pad electrode on the insulating oxide film. 
[0037] In the third method of fabricating a sembonductor device, the insulating oxide film is fomned in the pad elec- 
trode formation region on the substrate by oxidizing the group III nitride semiconductor layer with the protection film 
used as a mask. Accordingly, the third semiconductor device of the Invention can be definitely fabricated. 
40 [0038] In any of the first through third methods of fabricating a semiconductor device, the oxide film forming step 
preferably Includes a sub-step of conducting a themnal treatment on the group III nitride sembonductor layer In an 
oxygen ambient. 

[0039] In any of the first through third methods of fabricating a semiconductor device, the oxide film forming step 
preferably includes a sub-step of conducting a thermal treatment on the group III nitride semiconductor layer with 

^ oxygen ions implanted. 

[0040] The fourth method of fabricating a semiconductor devrce of this invention comprises a laser structure forming 
step of forming, on a substrate, a laser structure having a cavity and Including a plurality of group III nitride semkx)n- 
ductor layers by fomning the plurality of group III nitride semiconductor layers; a step of exposing facets of the cavity 
of the laser structure; and an oxide film fomning step of fomning a protection oxide film on the facets by oxidizing side 

so faces of the laser structure Including the facets. 

[0041] In the fourth method of fabricating a semiconductor devk:e, the protection oxide film is fomned on both side 
faces of the laser structure Including the facets of the cavity by oxidizing the group III nitride semkx>nductor layers. 
Therefore, the fourth semteonductor devk:e of the Invention can be definitely fabricated. Also, since a procedure for 
fomning facet coating can be omitted, the fabn'bation can be simplified. 

55 [0042] In the fourth method of fabricating a sembonductor device, the oxide film forming step preferably includes a 
sub-step of conducting a thermal treatment on the group lit nitride semiconductor layers In an oxygen ambient. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0043] 

5 FIGS. 1 A and 1B are diagrams of a GaN-based oxide-isolated HEMT according to Embodiment 1 of the invention, 

wherein FIG. 1 A Is a plane view thereof and FIG . 1 B is a cross-sectional view thereof taken on line IB-IB of FIG. 1 A; 
FIG.2 isagraph for showingavottage-current characteristic between aSchottky electrode fonned on an insulating 
oxide film and an ohmic electrode formed on an active region in the oxide-isolated HEMT of Embodiment 1 ; 
FIG. 3 Is a graph for showing gate voltage dependency of a drain current in the oxide- isolated H EMT of Embodiment 

10 1 and a conventional mesa-isolated HEMT; 

FIGS. 4A, 4B and 4C are cross-sectional views for showing procedures in a method of fabricating the oxide- 
Isolated HEMT of Embodiment 1 ; 

FIGS. 5A, 5B and 5C are cross-sectional views for showing other procedures in the method of fabricating the 
oxide-isolated HEMT of Embodiment 1 ; 
IS FIG. 6 is a cross-sectional view of a multi-layer structure of GaN-based semiconductors In the oxide-isolated HEMT 

of Embodiment 1 ; 

FIG. 7 is a graph for showing dependency on themnal treatment time of the thickness of the insulating oxide film 
in the oxide-isolated HEMT of Embodiment 1 ; 

FIG. 8 is a graph for showing the relationship between the thickness of the insulating oxide film and a leakage 

20 cun^ent caused between elements in the oxide-isolated HEMT of Embodiment 1 ; 

FIGS. 9 A, 9B and 9C show AES atomic profiles In a depth direction of a substrate of the oxide-lsoiated HEMT of 
Embodiment 1 , wherein FIG. 9A is a graph of the insulating oxide film obtained after conducting a themrial treatment 
and removing a protection film, FIG. 9B is a graph of the active region masked with the protection film and FIG. 
9C is a graph for comparison of the multi-layer structure not subjected to the themnal treatment; 

25 FIG. 10 is a graph for showing time dependency of the etching amount of wet etching using nitric acid/hydrogen 

fluoride in the protection film and the insulating oxide film conducted after the thermal treatment in the oxide- 
isolated HEMT of Embodiment 1 ; 

FIG. 1 1 is a graph for showing dependency on electrode spacing of contact resistance of the ohmic electrode with 
or without an ammonia treatment in the oxide-isolated HEMT of Embodiment 1 ; 
30 FIG. 1 2 is a cross-sectional view of a scribe region of a GaN-based semiconductor device in a wafer state according 

to Embodiment 2 of the invention; 

FIG. 13 is a graph for showing the relationship between a defective ratio in a scribe process and the width of the 
scribe region in the semiconductor device in a wafer state of Embodiment 2 and a conventional semiconductor 
device in a wafer state; 

35 FIG. 14 is a cross-sectional view of a scribe region of a GaN-based semiconductor device in a wafer state according 

to a modification of Embodiment 2; 

FIGS. 15 A, 15B and 150 are cross-sectional views for showing procedures in a method of fabricating the semi- 
conductor device of Embodiment 2; 

FIGS. 16A and 16B are cross-sectional views for showing other procedures in the method of fabricating the sem- 
^ iconductor devk:e of Embodiment 2; 

FIG. 17 is a cross-sectional view of a pad electrode portion of a GaN-based semiconductor device according to 
Embodiment 3 of the invention; 

FIGS. ISA, 18B and ISO are cross-sectional views for showing procedures in a method of fabricating the semi- 
conductor device of Embodiment 3; 
45 FIGS. 19A and 19B are cross-sectional views for showing other procedures in the method of fabricating the sem- 

iconductor device of Embodiment 3; 

FIGS. 20A and 20B are diagrams of a group III nitride sembonductor laser diode according to Embodiment 4 of 
the invention, wherein FIG. 20A is a perspective view thereof and FIG. 20B is a cross-sectional view thereof taken 
on line XXB-XXB of FIG. 20A; 

50 FIGS. 21 A, 21 B and 210 are diagrams for showing a method of fabricating the semiconductor laser diode of 

Embodiment 4, wherein FIG. 21 A is a cross-sectional view attained after epitaxial growth, FIG. 21 B is a cross- 
sectional view taken on line XXIB-XXIB of FIG. 210 and FIG. 210 is a front view of a laser structure; 
FIGS. 22A, 22 B, 220 and 22D are cross-sectional views for showing other procedures in the method of fabricating 
the semiconductor laser diode of Embodiment 4; 

55 FIGS. 23A and 23B are diagrams of a conventional GaN-based semiconductor device in a wafer state, wherein 

FIG. 23A is a plan vi wtii r of and FIG. 23 B is a cross-sectional view til reoftak nonlin XXIIIB-XXIIIBof FIG. 
23A; 

FIG. 24 is a cross-sectional view of a pseudo device for simulating a conventional mesa-isolated HEMT; and 
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FIG. 25 is a graph for showing a voltage-current characteristic between a Schotttcy electrode and an ohmtc electrode 
formed on an active region of the pseudo device of FIG. 24, 

DETAILED DESCRIPTION OF THE INVENTION 

5 

EMBODIMENT 1 

[0044] Enabodinnent 1 of the invention will now be described with reference to the accompanying drawings. 
[0045] FIGS. 1A and 1B show an HEMT including a group III nitride semiconductor, particulariy, an oxide-isolated 

10 HEMT in which devices are isolated by a GaN-based oxide, according to Embodiment 1 of the invention, wherein FIG. 
1A Is a plane view thereof and FIG. 1B is a cross-sectional view thereof taken on line IB-IB of FIG. 1A. As is shown 
in FIGS. 1A and 1B, the HEMT of this embodiment includes an active region 12A of a GaN-based semiconductor 
grown on a substrate 11 of, for example, silicon cariDide (SIC) and an insulating oxide film 128 fomied around the 
active region 12A by oxidizing the GaN-based semiconductor. 

15 [0046] On the active region 1 2A, a gate electrode 1 3 in Schottky contact with the active region 1 2 A is formed so as 
to extend onto the insulating oxide film 128 and have an extended portion 13a on the insulating oxide film 128, and 
ohmic electrodes 14 respectively serving as a source electrode and a drain electrode are fomied with space from the 
side edges along the gate length direction of the gate electrode 13. 

[0047] Now, a conventional mesa-isolated HEMT and the oxide-isolated HEMT of this embodiment will be compared 
20 in the voltage-cun-ent characteristic between the Schottky electrode and the ohmic electrode. FIG. 24 shows the cross- 
sectional structure of a pseudo device simulating the conventional mesa-isolated HEMT. Specifically, on a substrate 
121 of SiC, an island-like active layer 122 of a GaN-based semiconductor, an island-like ohmb electrode 123 fomied 
on the active layer 122 and a Schottky electrode 124 in Schottky contact with the substrate with a space from the active 
layer 122 are fomied. In this case, the Schottky electrode 124 con^esponds to the extended portion 1 04a shown in FIG. 
25 23A. The pseudo device exhibits a rectified current characteristic as is shown in FIG. 25, and although the reverse 
breakdown voltage is large, a leakage current flows on the order of microampere (|iA). In this manner, in the conven- 
tional mesa-isolated HEMT shown in FIGS. 23A and 238, the extended portion 104a of the gate electrode 104 is 
fomied on the buffer layer 102 of mesa-etched GaN. Therefore, the contact between the extended portion 104a of the 
gate electrode 104 and the buffer layer 102 Is Schottky contact, so that a leakage current can easily flow. 
30 [0048] On the other hand, in the oxide-isolated HEMT of this embodiment, the voltage-current characteristic between 
the Schottky electrode 13 fomied on the insulating oxide film 128 and the ohmic electrode 14 formed on the active 
region 12A is shown in FIG. 2. Thus, even when a voltage of 100 V or more is applied between these electrodes, 
merely a current on the order of nanoampere (nA) flows. 

[0049] FIG. 3 shows the gate voltage dependency of a drain current in the oxide-isolated HEMT of this embodiment 
35 and the conventional mesa-isolated H EMT both h aving a gate width of 1 00 jim. Although there is n o partteular difference 
in a region where the gate voltage is so high that a large drain cunrent flows, there is a large difference in the vicinity 
of pinch-off where a small drain current flows. It is thus understood that the pinch-off characteristic is degraded in the 
conventional mesa-isolated HEMT owing to a leakage current caused in the extended portion 104a of the gate electrode 
104. 

40 [0050] In this manner, in the oxide-Isolated HEMT of this embodiment, a leakage current can be avoided from flowing 
in the extended portion 13a of the gate electrode differently from the conventional mesa-isolated HEMT, so that the 
HEMT can attain a good pinch -off characteristic. 

[0051] Furthermore, in the oxide-isolated HEMT of this embodiment, the insulating oxide film 128 is formed by oxi- 
dizing the group III nitride semiconductor (GaN) used for fomningthe active region 12A, and therefore, a level difference 

45 like that of the mesa-isolated HEMT is never caused in the boundary between the side edge portion of the active region 
12A and the insulating oxide film 128 but the boundary is smooth. In the gate electrode 104 of the conventional HEMT, 
there is a fear of the so-called level disconnection that the gate electrode 104 is disconnected due to a level difference 
between the side edge of the active region 1 03 and the top face of the buffer layer 102 during, for example, the fabri- 
cation. On the contrary, there is no fear of the level disconnection in this embodiment owing to the smooth boundary, 

so resulting in attaining high reliability. 

[0052] Although the HEMT is described in this embodiment, the same effects can be attained in any device requiring 
isolation, such as a field effect transistor (MESFET) and a hetero bipolar transistor (HBT). 

[0053] Although the substrate of silicon carbide (SiC) is used in the HEMT of this embodiment, any substrate on 
which an active region of a group III nitride semk^nductor can be epitaxialty grown, such as a sapphire substrate, may 
55 be used instead. 

[0054] Now, a method of fabricating th oxide-isolated HEMT having the aforementioned structure will be describ d 
with reference to the accompanying drawings. 

[0055] FIGS. 4A through 4C and 5A through 5C are cross-sectional views for showing procedures in the method of 



6 



EP1 137 072 A2 



fabricating the oxide-isolated HEMT of this embodiment. 

[0056] First, as is shown In FIG. 4A, a multi-layer structure 12 of GaN/AIGaN is fomned on a substrate 11 of SIC by, 
for example, electron beam epitaxy (MBE). The detailed structure of the multi-layer structure 12 will be described later. 
[0057] Next, as Is shown in FIG. 4B, a protection fomnatlon film of silicon (SI) Is fomned on the entire surface of the 
5 multi-layer structure 12 by, for example, chemical vapor deposition (CVD) or the MBE. Thereafter, the protection for- 
mation film is patterned by lithography into a protection film 21 covering an Island-like active fomnation region 20 on 
the multi-layer structure 12. 

[0058] Then, as is shown in FIG. 4C, with the protection film 21 fomied on the multi-layer structure 12, a themnal 
treatment is canied out at approximately 900*C In an oxygen ambient for approximately 1 hour. Thus, a portion of the 
10 multi-layer structure 12 excluding an active region 12A is oxidized Into an insulating oxide film 12B. 

[0059] Subsequently, as is shown In FIG. 5 A, the protection film 21 is removed by using nitric acid/hydrogen fluoride, 
so as to expose the active region 12A. Thereafter, as Is shown In FIG. 5B, ohmic electrodes 14 of titanium (Tl)/aluminum 
(Al) are selectively fonried on the active region 12A by deposition and lithography. 

[0060] Next, as is shown in FIG. 5C, a gate electrode 13 of, for example, palladium (Pdytitanium (Ti)/gold (Au) is 

15 selectively fomned on the active region 1 2A by the deposition and the lithography, so as to be sandwiched by the ohmic 
electrodes 14 with space therebetween and to extend onto the Insulating oxide film 128. Thereafter, although not 
shown in the drawings, a protection insulating film of, for example, a silicon oxide film is formed above and around the 
active region 12A including the gate electrode 13 and the ohmic electrodes 14. Then, pad electrodes of, for example, 
titanium (Ti)/gold (Au) respectively electrically connected to the gate electrode 13 and the ohmic electrodes 14 are 

20 fomned on the protection insulating film. 

[0061] In this manner, in the HEMT of this embodiment. Isolation Is provided by directly oxidizing the group III nitride 
semiconductor used forfomiing the active region 12A. Next, the isolation characteristic between the active region 12A 
and the Insulating oxide film 128 fomned as described above and the substrate characteristic of the active region 12A, 
which are extremely significant for the operation characteristic of the HEMT, will be verified. 

25 [0062] FIG. 8 Is a cross-sectional view of a multi-layer structure 1 2 used for the verification. The multi-layer structure 
12 includes the following layers successively grown on a substrate 11 : A buffer layer 31 of aluminum nitride (AIN) with 
a thickness of approximately 100 nm; an active layer 32 of intrinsic gallium nitride (GaN) with a thickness of approxi- 
mately 3 a first banier layer 33 of intrinsk; aluminum gallium nitride (AIGaN) with a thickness of approximately 2 
nm; a second barrier layer 34 of n-type aluminum gallium nitride (AIGaN) with a thk^kness of approximately 25 nm; and 

30 a third barrier layer 35 of Intrinsic aluminum gallium nitride (AIGaN) with a thickness of approximately 3 nm. 

[0063] FIG. 7 shows the dependency on themnal treatment time of the thickness of the insulating oxide film 128 
fomned by subjecting the multi-layer structure 12 to a themnal treatment conducted at 900''C in an oxygen ambient. As 
is shown in FIG. 7, the themnal treatment carried out fori hour results in forming an insulating oxide film with a thckness 
of approximately 100 nm, and the thermal treatment carried out for 4 hours results In fonning an insulating oxide film 

35 with a thickness of approximately 200 nm. Since the total thickness of the barrier layers 33 through 35 of the HEMT Is 
approximately 30 nm as Is shown in FIG. 8, the insulating oxide film 128 with a thickness of approximately 100 nm 
suffices. 

[0084] FIG. 8 shows the relationship between the thickness of the insulating oxide film 128 and a leakage current 
flowing between devices isolated by the insulating oxide film. It is understood from FIG. 8 that a satisfactory isolation 
40 characteristb can be attained when the insulating oxide film 1 28 has a thickness of 80 nm or more. Accordingly, as is 
obvious from FIGS. 7 and 8, when the themnal treatment is canied out at 900 ^^C, the devices can be sufftelentiy isolated 
by conducting the themnal treatment approximately for 1 hour. 

[0085] In forming the Insulating oxide film 128, the themnal treatment may be carried out, instead of in an oxygen 
ambient, with oxygen ions implanted Into the multi-layer structure 12. 
45 [0086] Next, the substrate characteristic will be verified. » 
[0087] The substrate characteristic of the active region 12A should never degrade through the thermal treatment. 
Therefore, in order to avoid oxidation of the active region 12A through the themnal treatment, the protection film 21 Is 
fomned from silicon (SI) in this embodiment. 

[0088] FIGS. 9A through 9C show atomic profiles along a depth direction of the substrate of the HEMT of this em- 
50 bodlment obtained by Auger electron spectroscopy (AES) analysis. FIG. 9A shows the profile of the Isolation (insulating 
oxide film 128) obtained after conducting a themnal treatment at 900^*0 for 1 hour and removing the protection film 21 , 
FIG. 98 shows the profile of the active region 12A masked with the protection film 21 with a thickness of approximately 
100 nm and FIG. 9C shows, for comparison, the profile of the multi-layer structure 12 not subjected to the themnal 
treatment. In these graphs, "Ga" indicates the profile of gallium atoms, "N" indrcates the profile of nitrogen atoms and 
55 "O" indicates the profile of oxygen atonns. Also, since attention is paid to the profile of oxygen atoms in the multi-layer 
structur 12, aluminum atoms in a trace quantity are omitted. In these graphs, the abscissa indcates the depth (nm) 
from the surface of a sample and the ordinate indicates a relativ value (peak-to-p ak). 

[0069] As Is shown in FIG. 9A, the structure of th multi-layer structure 12 prior to the thermal treatment is largely 
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broken in the isolation, so that the oxygen atoms are diffused from the top face to the activ layer 32, resulting in 
forming the insulating oxide film 1 2B. In this case, the insulating oxide film 1 2B h as a thickness of approximately 1 00 nm, 
[0070] Furthemnore, as Is shown In FIG. 9B, in the active region 1 2A masked with the protection film 21 of SI, although 
the upper portion of the protection film 21 Is oxidized, there is no reaction on the int rface b tween the protection film 
21 andtheactiv region 12A. Thus, the structure of the activ region 12A prior to the themial treatment Is not changed 
but kept as Is understood from comparison with the profile of FIG. 9C obtained without the themnal treatment. 
[0071] Furthermore, Table 1 below shows the sheet carrier concentration and the earner mobility of the multi-layer 
structure 12 obtained before and after the thermal treatment by a Hall measurement method at room temperature. 



Table 1 : 





Before themial treatment 


After thermal treatment 


Canier concentration (cm'3) 


1.4x1013 


1.5 X 1013 


Mobility (cm2/Vs) 


741 


766 



[0072] Neither of the sheet carrier concentration and the carrier mobility is largely changed before and after the 
themnal treatment. It is understood also from this result that the active region 12A is protected by the protection film 
21 as is understood from the result of the AES analysis. 

[0073] Furthemnore, the removing process of the protection film 21 after the thermal treatment Is also signiffcant in 
this invention. If the protection film 21 cannot be completely removed or the active region 12A is damaged In removing 
the protection film 21, the transistor characteristic Is degraded. In addition, the Insulating oxide film 12B should never 
be etched in removing the protection film 21 . 

[0074] Accordingly, the protection film 21 of Si is removed in this embodiment by wet etching using nltrk: acid/hydro- 
gen fluoride. 

[0075] FIG. 10 shows time dependency of the etching amount In the wet etching using nitric acid/hydrogen fluoride 
of the protection film 21 and the Insulating oxide film 12B after the themnal treatment. As is shown In FIG. 10, although 
the protection film 21 is easily etched, the insulating oxide film 12B is minimally etched. 

[0076] Although the protection film 21 is removed by the wet etching using nitric acid/hydrogen fluoride in this em- 
bodiment, another etchant may be used Instead. Alternatively, the etching may be earned out by dry etching. 
[0077] Furthemnore, although the protection film 21 is fomned from sllcon in this embodiment, any other material 
capable of preventing degradation of the active region 12A through the themnal treatment, such as silicon oxide and 
silicon nitride, may be used instead. A solution Including fluoric acid such as buffered hydrogen fluoride (BHF] may be 
used as the etchant when the protection film is formed from silicon oxide, and a solution including phosphoric acid 
such as heated phosphoric acid may be used as the etchant when the protection film is fomned from silicon nitride. 

MODIFICATION OF EMBODIMENT 1 

[0078] A method of fabricating a semiconductor device according to one modification of Embodiment 1 will now be 
described with reference to the accompanying drawing. The fabrication method of this modification is characterized 
by Including an ammonia treatment process for exposing the top face of the multi-layer structure 12 to plasma of an 
ammonia gas between the process for forming the multi-layer stmcture shown in FIG. 4A and the process for fomning 
the protection film shown in FIG. 4B. 

[0079] FIG. 11 shows the result of evaluation of contact resistance of an ohmic electrode 14 fomned on an active 
region 12A obtained by a transmission line method (TLM). In this evaluation, the ohmk; electrode 14 has a width of 
approximately 100 p,m, and the spacing between the ohmic electrodes 14 Is set to 2 jim, 4 pm, 6 jim or 8 ^im. The 
result obtained with the ammonia treatment of this modification canied out is shown with a solid line, and the result 
obtained without the ammonia treatment is shown with a broken line for comparison. As is shown in FIG. 11, the 
inclination of the tine obtained with the ammonia treatment is substantially the same as that of the line obtained without 
the ammonia treatment, which reveals that there is no difference in the sheet resistance of the active region 12A 
between these cases. On the contrary, the contact resistance is lowered by approximately 30% when the ammonia 
treatment is carried out as compared with when it is not carried out. The contact resistance ratio obtained based on 
this graph is 6 x 10-^ Q cm^, which Is a satisfactory value, even when the ammonia treatment is not carried out, and 
is as low as 3 X 10~^ £2cm2 when the ammonia treatment is carried out. This is because altered substances such as 
an oxide present on the active region 12A are removed and cleaned by the ammonia treatment. 
[0080] Although the ammonia treatment is carried out by using plasma of an ammonia gas in this modification, the 
ammonia treatment may be carried out by boiling th multi-layer stmcture in an ammonia solution. 
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EMBODIMENT 2 

[0081] Embodiment 2 of th invention will now be described with reference to the accompanying drawings. 
[0082] FIG. 1 2 shows the cross-sectional structure of a scribe region of a GaN-based semiconductor device of Em- 

5 bodiment 2. The GaN-based semiconductor devic of this embodiment is characterized by including a protection oxide 
film fomned by oxidizing a GaN-based semiconductor itself in the periphery of a scribe region used in scribing a wafer 
bearing a plurality of semiconductor devices Into chips including the respective semiconductor devices. As is shown 
in FIG. 12, the principal plane of a substrate 42 of, for example, SIC in a wafer state is partitioned into chip fomriation 
regions 40 and a scribe region 41 provided between the chip formation regions 40. 

10 [0083] In the scribe region 41 on the principal plane of the substrate 42, a multi-layer structure 43 A of GaN-based 
semiconductors to be used as an active layer for a transistor or the lilte in a device fomriation region (not shown) fomned 
at the center of the chip formation region 40 is formed. In a peripheral portion of the scribe region 41 on the principal 
plane In the vicinity of the chip fomnation region 40, a protection oxide film 43B fomied by oxidizing the multi-layer 
structure 43A is formed and an insulating film 44 of a silicon oxide film or the like serving as a surface protection film 

15 is fomned on the protection oxide film 43 B. 

[0084] In a conventional GaN-based semiconductor device, a peripheral portion of a scribe region 41 Is covered with 
an insulating film 44 of a silicon oxide film or the like having comparatively small bonding strength with a GaN-based 
semk:onductor, and hence, the insulating film 44 Is easily peeled off during scribing (division into chips). The insulating 
film 44 of this embodiment is fomned on the protection Insulating film 438 fomned by oxidizing the GaN-based semi- 

20 conductor having comparatively high bonding strength with the insulating film 44, and hence, occurrence of cracks in 
the multi-layer structure 43A and the substrate 42 and peeling of the Insulating film 44 can be avoided in dividing the 
substrate 42 into chips. 

[0085] FIG. 13 shows the relationship, in the semiconductor device In a wafer state of this embodiment and a con- 
ventional semkx}nductor device in a wafer state, between the defective ratio in scribing and the width of the scribe 
25 region. Through observation of the surface of each chip obtained when the scribe region has a width of 100 \vm, it is 
found, In the conventional semiconductor chips, that defects are caused in approximately 20% of samples, specifically, 
a crack caused in a multi-layer structure in the scribe region reaches the peripheral portion or inside of the chip, and 
the insulating film on the device fomnation region is peeled off. 

[0086] In contrast, through observation of the surface of the chips of the semk:onductor devtoes of this embodiment, 
30 it is found that a crack caused in the multi-layer structure 43A in the scribe region 41 stops around the boundary with 
the protection oxide film 438 so as not to reach the chip formation region 40. 

[0087] As is understood from FIG. 13, since the protection oxide film 43A formed by oxidizing the GaN-based sem- 
iconductor is fomned In the peripheral portion of the scribe region 41, even when the scribe region 41 has a width as 
small as approximately 100 ^m, the defective ratio is lower than that in a conventional semiconductor device having 
35 a scribe region with a width of 150 \im. As a result, since the defective ratio in scribing can be suppressed in the 
semiconductor devices of this embodiment even when the width of the scribe region 41 is small, the number of sem- 
iconductor devk^es obtained from one substrate 42 (wafer) can be increased. In addition, the insulating film 44 can be 
prevented from peeling off, resulting in largely Improving the reliability of the devices. 

[0088] Although the protection oxide film 438 is fomned also in the chip formation region 40 In this embodiment, a 
40 protection oxide film 43C may be formed Instead in a circular shape along the edge of the scribe region 41 as a 
modification as is shown in FIG. 14. In this case, the protection oxide film 43C with a width of approximately 5 |im 
suffk:es. 

[0089] Although the substrate 42 is fomned from SiC In this embodiment, any substrate on whk:h the multi-layer 
structure 43A of GaN-based semiconductors can be epitaxial ly grown, such as a sapphire substrate, may be used 
instead. 

[0090] Now, a method of fabricating the semiconductor device having the aforementioned structure will be described 
with reference to the accompanying drawings. 

[0091] FIGS. 15A through 15C, ISA and 168 are cross-sectional views for showing procedures in the method of 
fabricating the semiconductor device of this embodiment. 
50 [0092] First, as Is shown in FIG. 15A, a multi-layer structure 43A of GaN/AIGaN is formed on a wafer-like substrate 
42 of SiC by, for example, the electron beam epitaxy (MBE). 

[0093] Next, as is shown in FIG. 158, plural chip fomnation regions 40 and a scribe region 41 between the plural 
chip fomnation regions 40 are fomned. In the scribe region 41 , a protection fomnation film of SI is formed on the multi- 
layer structure 43A by the GVD or the like, and the protection formation film is patterned by the lithography into a 
55 protection film 21 covering the scribe region 41 on the substrate 42. 

[0094] Then, as Is shown In FIG. 15C, with th protection film 21 fomned on th multi-layer structure 43A, a th mnal 
treatm nt is carried out at approximately 900*G in an oxygen ambient for approximat ly 1 hour. Thus, portions of the 
multi-layer structure 43A positioned In the chip fomnation regions 40 on both sides of the scribe region 41 are oxidized 
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into protection oxide filnns 43B. 

[0095] The protection oxide film 43 B may be formed befor or after forming a semiconductor device such as a tran- 
sistor in a d vice fomnation r gion (not shown) at the center of the chip fomiation region 40, wher as it is preferably 
fomried before fomning the semiconductor device for attaining a good device characteristic because th themrial treat- 

5 ment is carried out at a comparatively high temp rature. In this cas , th protection oxid film 438 may be formed in 
the same procedure for fomiing the protection film 21 shown in FIG. 4C described in Embodiment 1 . 
[0096] Subsequently, as is shown in FIG. 16A, the protection film 21 is removed by using nitric acid/hydrogen fluoride, 
and then, as is shown in FIG. 1 6B, an insulating film 44 of, for example, silicon oxide for surface protection is formed 
on the entire surface of the chip fonnation regions 40 by the CVD or the lilce. Then, the Insulating film 44 is selectively 

10 etched by the lithography so as to expose the multi-layer structure 43A in the scribe region 41 . 

[0097] In this manner, since the protection oxide film 43B is fomried from an oxide of the multi-layer structure 43A of 
GaN-based semiconductors in this embodiment, the adhesion between the substrate 42 and the insulating film 44 is 
high. Also, since the multi-layer structure 43A and the protection oxide film 438 are continuously fomied in the scribe 
region 41 , even when a crack is caused in the protection oxide film 438 in scribing the substrate 42, the crack can be 

15 prevented from reaching the peripheral portion or Inside of the chip fomnation region 40. 

[0098] Although the protection film 21 used in masking the portion of the multi-layer structure 43A in the scribe region 
41 for fomning the protection oxide film 438 Is formed from silkx)n in this embodiment, the protection film 21 may be 
fomried from any material capable of preventing degradation of the multi-layer structure 43 A through the thermal treat- 
ment, such as silicon oxide and silicon nitride. 

20 [0099] Although the protection film 21 is removed by the wet etching using nitric acid/hydrogen fluoride, another 
etchant may be used. Alternatively, the etching can be carried out by dry etching. 

[0100] Furthermore, the thermal oxidation process for forming the protection oxide film 43B may be earned out, 
instead of in an oxygen ambient, by implanting oxygen ions into the multi- layer structure 43A of the GaN-based sem- 
iconductors. 

25 

EMBODIMENTS 



[0101] Embodiment 3 of the invention will now be described with reference to the accompanying drawings. 
[0102] FIG. 17 shows the cross-sectional stmcture of a pad electrode portion serving as an external input/output 
30 temriinal of a GaN-based semiconductor device of Embodiment 3. As is shown in FIG. 17, the principal plane of a wafer- 
like substrate 52 of, for example, SiC Is partitioned into device fomnation regions 50 and a pad electrode fonnatlon 
region 51 adjacent to the devbe fomnation region 50. 

[0103] In the device formation region 50 on the principal plane of the substrate 52, a multi-layer structure 53A of 
GaN-based sembonductors serving as an active layer of a transistor or the like is formed, and in the pad electrode 
35 fomnation region 51 , an insulating oxide film 538 fomned by oxidizing the multi-layer structure 53A and a pad electrode 
54 of, for example, titanium (Ti)/gold (Au) disposed on the Insulating oxide film 53B are formed. Although not shown 
in the drawing. It goes without saying that the pad electrode 54 is electrically connected to a device (not shown) fomied 
in the device formation region 50 through a wire. 

[01 04] In this manner, the pad electrode 54 of this embodiment is formed above the multi-layer structure 53A of GaN- 
40 based sem Conductors with the insulating oxide film 538 fomned by oxidizing the multi-layer structure 53A sandwk;hed 
therebetween, and hence, adhesion between the pad electrode 54 and the substrate 52 can be improved. Accordingly, 
for example, the pad electrode 54 can be prevented from peeling off from the substrate 52 in wire-bonding the pad 
electrode 54. 

[0105] Table 2 below shows results of quantitatively evaluating adhesion of a GaN layer epitaxially grown on a sub- 
45 strate of SiC to a variety of thin film materials and adhesion of an oxide film formed by oxidizing an upper portion of 
the GaN layer to a variety of thin film materials. This evaluation is made by a Sebastian method. 



Table 2: 



Sample structures 


Tensile load (x 9.8 N/cm^) 


Silbon oxide film on GaN layer 


350 


Silicon nitride film on GaN layer 


320 


GaN oxide layer on GaN 


1080 


Ti/Au multi-layer structure on GaN oxide layer 


850 


Al on GaN oxide layer 


830 
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Table 2: (continu d) 



Sample structures 


Tensile load (x 9.8 N/cm^) 


Silicon oxide film on GaN oxide layer 


920 


Silicon nitride film on GaN oxid layer 


900 



[0106] It is understood from Table 2 that an insulating film having high adhesion on a GaN layer is merely a GaN 
oxide layer fomned by oxidizing a GaN layer. Furthemnore, it is understood that a GaN oxide layer has high adhesion 
io to not only a metal material but also an insulating film including silicon. Accordingly, a pad electrode portion required 
to have high adhesion is very effectively formed on the insulating oxide film 53B obtained by oxidizing the multi-layer 
structure 53A of GaN-based semiconductors. 

[01071 Although the substrate 52 is made from SiC in this embodiment, any substrate on which the multi-layer struc- 
ture 53A of GaN-based semiconductors can be epitaxially grown, such as a sapphire substrate, may be used instead. 
15 [0108] Now, a method of fabricating the pad electrode portion of a semiconductor device having the aforementioned 
structure will be described with reference to the accompanying drawings. 

[0109] FIGS. 18A through 18C, 19A and 19B are cross-sectional views for showing procedures in the method of 
fabricating the pad electrode portion of a semiconductor device of this embodiment. 

[0110] First, as is shown in FIG. 18A, a multi-layer structure 53A of GaN/AIGaN is fomied on a substrate 52 of SiC 

20 by, for example, the electron beam epitaxy (MBE). 

[0111] Next, as is shown in FIG. 188, the entire surface of the multi-layer structure 53A is partitioned into device 
fomnation regions 50 and pad electrode formation regions 51. Subsequently, in the device formation region 50, a pro- 
tection formation film of Si is fomned on the multi-layer structure 53A by the GVD or the like. Thereafter, the protection 
formation film is patterned by the lithography into a protection film 21 covering the device fomnation region 50 on the 

25 substrate 52. 

[0112] Then, as is shown in FIG. 18C, with the protection film 21 formed on the multi-layer structure 53A, a thennal 
treatment is carried out at approximately 900"C in an oxygen ambient for approximately 1 hour, thereby oxidizing a 
portion of the multi-layer structure 53A in the pad electrode formation region 51 into an insulating oxide film 538. 
[01 13] The insulating oxide film 538 may be formed before or after fomriing a semiconductor device such as a tran- 
30 sistor in the device formation region 50, whereas it is preferably formed before fonning the device for attaining a good 
device characteristic because the thennal treatment is carried out at a comparatively high temperature. In this case, 
the insulating oxide film 538 is formed in the same procedure for forming the protection film 21 shown in FIG. 4C of 
Embodiment 1 or shown in FIG. 15C of Embodiment 2. 

[0114] Subsequently, as is shown in FIG. 19 A, the protection film 21 is removed by using nitric acid/hydrogen fluoride, 
35 and then, as is shown in FIG. 198, a pad electrode 54 of Ti/Au is selectively fomned on the insulating oxide film 538 
in the pad electrode fomnation region 51 by, for example, the deposition and the lithography. 

[01 15] In this manner, the pad electrode 54 is formed on the insulating oxide film 538 obtained by oxidizing the multi- 
layer structure 53A of GaN-based semiconductors in this embodiment, and hence, high adhesion can be attained. 
[0116] Although the pad electrode 54 is directly fomned on the insulating oxide film 538 in this embodiment, an 
40 insulating film such as a silicon oxide film and a silicon nitride film may be disposed between the pad electrode 54 and 
the insulating oxide film 538 of an oxide of the GaN-based semiconductors because an insulating film including silicon 
has high adhesion to the oxide of the GaN-based semiconductors as is shown in Table 2. 

[0117] Although the protection film 21 for protecting a portion of the multi-layer structure 53 A in the device fomnation 
region 50 is made from silicon in this embodiment, any material capable of preventing degradation of the multi-layer 
45 structure 53 A through the themnal treatment, such as a silicon oxide film and a silicon nitride film, may be used instead. 
[0118] Although the protection film 21 is removed by the wet etching using nitric acid/hydrogen fluoride in this em- 
bodiment, another etchant may be used. Alternatively, the etching can be carried out by dry etching. 
[0119] Furthemnore, the insulating oxide film 538 may be fomned, instead of in an oxygen ambient, by implanting 
oxygen ions into the multi-layer structure 53A. 

50 

EMBODIMENT 4 

[0120] Embodiment 4 of the invention will now be described with reference to the accompanying drawings. 
[0121] FIGS. 20A and 208 show a group III nitride semiconductor laser diode according to Embodiment 4 of the 
55 invention, wherein FIG. 20A is a perspective view thereof and FIG. 208 is a cross-sectional view thereof taken on line 
XXB-XXB of FIG. 20A. As is shown in FIG. 20A, the semiconductor laser diode of this embodiment includes th following 
layers successively formed on a substrate 61 of sapphire having the principal plane of the (0001 ) surface orientation: 
An n-typ contact lay r 62 of n-type gallium nitride (GaN); an n-type cladding layer 63 of n-typ aluminum gallium 



11 



EP1 137 072 A2 



nitride (AIGaN); an active layer 64 of gallium Indium nitride (GaInN); a p-type cladding layer 65 of p-typ aluminum 
gallium nitride (AIGaN); and a p-typ contact layer 66. In this manner, the semiconductor las r diode has a laser 
structure 60A including a cavity of doublehetero junction in which the active layer 64 including I n is vertically sandwiched 
between the n-type cladding layer 63 and the p-typ cladding layer 65 Including A). 

5 [0122] In this case, as is shown In FIGS. 20A and 20B, a direction in which an emitting facet 60a opposes a reflecting 
facet 60b of the laser structure 60A corresponds to a lasing direction of a laser beam in the cavity. 
[0123] Also, as is shown in FIG. 20A, on the p-type contact layer 66, a p-slde electrode 67 of, for example, nickel 
(Niygold (Au) is formed. On the other hand, a part of the n-type contact layer 62 is exposed, so that an n-side electrode 
68 of, for example, titanium (Ti)/aluminum (Al) can be formed on the exposed surface. 

10 [0124] As a characteristic of the semiconductor laser diode of this embodiment, as is shown in the cross-sectional 
view of FIG. 20B along the emitting direction of a laser beam, the emitting facet 60a and the reflecting facet 60b working 
as cavity mirrors in the laser structure 60A are fomned by etching the n-type cladding layer 63, the active layer 64 and 
the p-type cladding layer 65 in a direction vertical to the principal plane of the substrate 61 , and the etched facets are 
covered with a protection oxide film 70 formed by oxidizing the facets. Accordingly, a substantial cavity facet corre- 

is spends to the interface between the end of the active layer 64 and the protection oxide film 70. 

[0125] Since the cavity mirror does not remain as the etched facet but is covered with the protection oxide film 70 
in this manner, the semiconductor laser diode of this embodiment is minimally affected by defects or the like caused 
in the etching. Furthermore, the protection oxide film 70 is formed by directly oxidizing the semiconductor layers included 
in the laser structure 60A, and hence, no leakage cun^ent is caused, resulting in attaining high reliability. 

20 [0126] Moreover, since there is no need to provide a coating on the cavity facet in the semkx)nductor laser diode of 
this embodiment, the number of fabrk^ation processes can be reduced. It is necessary to optimize the reflectance of a 
laser beam on the emitting facet and the reflecting facet by adjusting the thickness of the protection oxide film 70 or 
the like. 

[0127] Now, a method of fabricating the semk:onductor laser diode having the aforementioned structure will be de- 
25 scribed with reference to the accompanying drawings. 

[0128] FIGS. 21 A through 21 C and 22A through 22D are cross-sectional views for showing procedures in the method 
of fabrk:atlng the semiconductor laser diode of this embodiment. In these drawings, the cross-sectional structure taken 
on line XXB-XXB of FIG. 20A is shown, whereas FIG. 21 C is a front view. 

[0129] First, as is shown in FIG. 21 A, an n-type contact layer 62, an n-type cladding layer 63, an active layer 64, a 
30 p-type cladding layer 65 and a p-type contact layer 66 are successively grown on a substrate 61 of sapphire by, for 
example, the metal organic vapor phase epitaxy (MOVPE). 

[0130] Next, as is shown in the cross-sectional view of FIG. 21 B and the front view of FIG. 21 C, the p-type contact 
layer 66, the p-type cladding layer 65, the active layer 64 and the n-type cladding layer 63 are etched with a laser 
structure formation region 60 masked by, for example, electron cyclotron resonance (ECR) etching until the n-type 
35 contact layer 62 is exposed. Thus, a laser structure 60A including the n-type contact layer 62, the n-type cladding layer 
63, the active layer 64, the p-type cladding layer 65 and the p-type contact layer 66 Is formed, and an n-slde electrode 
formation region 68A is fomned in the n-type contact layer 62. 

[0131] Then, as Is shown in the cross-sectional view of FIG. 22A, a protection film 21 of silicon (Si) is selectively 
formed so as to cover a p-side electrode formation region 67A and the n-side electrode formation region (not shown). 

40 [0132] Subsequently, as is shown in FIG. 22B, with the protection film 21 formed on the laser structure 60A, a thermal 
treatment is carried out at approximately 900*G in an oxygen ambient for approximately 1 hour, thereby fomiing a 
protection oxide film 70 on the top face and side faces excluding the p-side electrode formation region 67A and the n- 
side electrode fomnation region of the laser structure 60A by oxidizing con^esponding portions of the laser structure 60 A. 
[0133] Next, as is shown In FIG. 22C, the protection film 21 is removed by using nitric acid/hydrogen fluoride, thereby 

45 exposing the p-side electrode fomnatlon region 67A on the p-type contact layer and the n-slde electrode fomnation 
region. 

[0134] Then, as is shown in FIG. 22D, a p-slde electrode 67 Is formed In the p-side electrode formation region 67A, 
and an n-side electrode is formed in the n-side electrode fomnation region. In this manner, the semiconductor laser 
diode of FIG. 20A is completed. 
50 [0135] In the fabrication method of this embodiment, since the GaN-based semiconductor layers included in the laser 
structure 60A and their etched facets are oxidized, there is no need to provide coatings on the emitting facet 60a and 
the reflecting facet 60b, and the cavity min^ors can be formed on the interfaces between the protection oxide film 70 
and the laser structure 60A. 

[0136] In the semiconductor laser diode of this embodiment, the active layer 64 may be formed into a striped shape 
55 or the p-type cladding layer 65 may be provided with a current confining layer in order to improve controllability in the 
I at ral mode of the las r b am. 

[01 37] Although the protection film 21 for masking th p-side lectrode fomnation region 67A and the n-slde electrode 
formation region 68A in forming the protection oxide film 70 is made from silbon in this embodiment, any material 
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capable of preventing degradation of th p-typ contact layer 66 and the n-type contact layer 62 through the thermal 
treatment, such as a silicon oxide film and a silicon nitride film, may be used instead. 

[0138] Although the protection film 21 is removed by the wet tching using nitric acid/hydrogen fluoride in this em- 
bodiment, another etchant may be used. Alternatively, the etching can be carried out by dry etching. 
[0139] Although the substrate 61 is made from sapphire in this embodiment, any other substrate on which GaN- 
based semiconductor layers can be epitaxially grown, such as SIC, may be used instead of the sapphire substrate. 



Claims 

1 . A semiconductor device comprising: 

an active region fomned on a substrate from a group lit nitride semiconductor; and 

an insulating oxide film formed in a peripheral portion of said active region on said substrate by oxidizing said 
group III nitride semiconductor. 

2. The semiconductor device of Claim 1 , 

wherein a gate electrode, and a source electrode and a drain electrode sandwiching said gate electrode are 
formed on said active region. 

3. The semiconductor device of Claim 2, 

wherein said gate electrode extends from said active region onto said insulating oxide film. 

4. A plurality of semiconductor devices comprising: 

a group III nitride semiconductor formed in a plurality of device formation regions each surrounded with a 
scribe region on a substrate in a wafer state; and 

a protection oxide film fomned in a peripheral portion of said scribe region on said sut)strate by oxidizing said 
group III nitride semiconductor. 

5. A semiconductor device comprising: 

a pad electrode fomned on a substrate; and 

an insulating oxide film formed between said substrate and said pad electrode by oxidizing a group III nitride 
semiconductor. 

6. A semiconductor device comprising: 

a laser structure fonmed on a substrate and having a cavity including a plurality of group III nitride semicon- 
ductors; and 

a protection oxide film formed on side faces of said laser structure including facets of said cavity by oxidizing 
said group III nitride semiconductors. 

7. A method of fabricating a semiconductor device comprising: 

a semiconductor layer forming step of forming a group III nitride semiconductor layer on a substrate; 

a protection film forming step of fomning, on said group III nitride semiconductor layer, a protection film for 

covering an active region of said group III nitride semiconductor layer; 

an oxide film forming step of forming, in a region on said substrate excluding said active region, an insulating 
oxide film by oxidizing said group III nitride semiconductor layer with said protection film used as a mask; and 
an active region exposing step of exposing said active region by removing said protection film. 

8. The method of fabricating a semiconductor device of Claim 7, further comprising, after said active region exposing 
step: 

an ohmic electrode forming step of fomning an ohmic electmde on said activ region; and 

a gat iectrode forming step of fomning. on said activ region, a gat lectrode xtending onto said insulating 

oxide film. 
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9. The method of fabricating a semiconductor device of Claim 7, further comprising, betw en said semiconductor 
iayer forming step and said protection film fonning step, an ammonia treatment step of exposing said group Iti 
nitride semiconductor laser to ammonia. 

10. The method of fabricating a semiconductor device of Claim 9, 

wherein said ammonia treatment step includes a sub-step of changing said ammonia into plasma. 

11. The method of fabricating a semiconductor device of Claim 7, 

wherein said protection film is formed from silicon, silicon oxide or silicon nitride. 

12. The method of fabricating a semiconductor device of Claim 7, 

wherein said oxide film forming step includes a sub-step of conducting a themnal treatment on said group III 
nitride semiconductor layer in an oxygen ambient. 

13. The method of fabricating a semiconductor device of Claim 7, 

wherein said oxide film forming step includes a sub-step of conducting a thermal treatment on said group III 
nitride semiconductor layer with oxygen ions implanted. 

14. A method of fabricating a semiconductor device comprising: 

a semiconductor layer fonning step of fonning a group III nitride semiconductor layer on a substrate in a wafer 
state; 

a region setting step of setting, in said group III nitride semiconductor layer, a plurality of device fonnation 

regions where devices are to be fomried on said group III nitride semiconductor layer and a scribe region for 

use in dividing said substrate into chips respectively Including said device fonnation regions; 

a protection film forming step of forming, on said scribe region, a protection film for covering said scribe region; 

and 

an oxide film forming step of fomning, in a region on sides of said scribe region on said substrate, a protection 
oxide film by oxidizing said group III nitride semiconductor layer with said protection film used as a mask. 

15. The method of fabricating a semiconductor device of Claim 14, 

wherein said protection film Is formed from silicon, silicon oxide or silicon nitride. 

16. The method of fabricating a semiconductor device of Claim 14, 

wherein said oxide film fonning step includes a sub-step of conducting a thennal treatment on said group III 
nitride semiconductor layer in an oxygen ambient. 

17. The method of fabricating a semiconductor device of Claim 14, 

wherein said oxide film forming step includes a sub-step of conducting a thennal treatment on said group III 
nitride semiconductor layer with oxygen ions implanted. 

18. A method of fabricating a semiconductor device comprising: 

a semiconductor layer forming step of forming a group III nitride semiconductor layer on a substrate; 
a region setting step of setting, In said group III nitride semiconductor layer, a device formation region where 
a device is to be formed on said group III nitride semiconductor layer and a pad electrode formation region for 
extemal connection of said device to be formed in said device fonnation region; 

a protection film forming step of fonning a protection film covering a region on said group III nitride semicon- 
ductor layer excluding said pad electrode formation region; 

an oxide film forming step of forming an insulating oxide film In said pad electrode fonnation region on said 
substrate by oxidizing said group III nitride semiconductor layer with said protection film used as a mask; and 
a step of forming a pad electrode on said insulating oxide film. 

19. The method of fabricating a semiconductor device of Claim 1 8, 

wherein said oxide film fonning step includes a sub-step of conducting a thennal treatment on said group III 
nitride semiconductor layer In an oxygen ambient. 

20. The method of fabricating a semiconductor device of Claim 1 8, 
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wher in said oxid film forming step includes a sub-st p of conducting a thermal treatment on said group lit 
nitride semiconductor layer with oxygen ions implanted. 

21. A method of fabricating a semiconductor device comprising: 

a laser structure fomning step of fomiing, on a substrate, a laser structure having a cavity and Including a 
plurality of group III nitride semiconductor layers by forming said plurality of group III nitride semiconductor 
layers; 

a step of exposing facets of said cavity of said laser structure; and 

an oxide film forming step of fomning a protection oxide film on said facets by oxidizing side faces of said laser 
structure including said facets. 

22. The method of fabricating a semiconductor device of Claim 21 , 

wherein said oxide film forming step includes a sub-step of conducting a thermal treatment on said group III 
nitride semiconductor layers in an oxygen ambient. 
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FIG. 2 



200 



100 

c 

g 0 

^ -100 



-200 ' ^ ^ 1 \ ^ \ ^ 1 \ 1 

-100 0 100 

VOLTAGE (V) 



17 



EP1 137 072 A2 



FIG. 3 
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FIG. 4A 
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FIG. 6 
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FIG. 7 
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FIG. 9A 
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FIG. 11 
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FIG. 12 
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FIG. 13 
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FIG. 14 
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FIG. 15A 
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FIG. 16B 
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FIG. 18A 
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FIG. 19A 
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FIG. 20A 
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FIG. 21A 
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FIG. 22A 
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FIG. 23A 
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